ChIP-Seq reveals genomic regions where proteins, e.g. transcription factors (TFs) 17 interact with DNA. A substantial fraction of these regions, however, do not contain the 18 cognate binding site for the TF of interest. This phenomenon might be explained by 19 protein-protein interactions and co-precipitation of interacting gene regulatory 20 elements. We uniformly processed 3,727 human ChIP-Seq data sets and determined the 21 cistrome of 292 TFs, as well as the distances between the TF binding motif centers and 22 the ChIP-Seq peak summits. 23
INTRODUCTION 38
ChIP-seq (Chromatin ImmunoPrecipitation followed by high-throughput sequencing) 39 is a powerful technique, which reveals the genome-wide positions of those DNA 40 sequences that co-precipitate with a given protein, which was used to generate the 41 antibody for the IP, (1,2). The interaction between the protein and the DNA can be 42 direct or indirect. Direct interactions can be specific, i.e. when a protein (transcription 43 factor) recognizes and binds to a DNA sequence motif; or it can be nonspecific, as in 44 the case of histones or cohesins (3-5). Indirect interactions between DNA and proteins 45 occur through transcriptional regulatory complexes and/or DNA looping. In such cases, 46 the cognate binding site for the given TF is not present under the ChIP-seq peaks 47 (Additional file 1) (6). 48
In a typical primary ChIP-seq analysis pipeline the sequence reads are mapped to a 49 reference genome, areas with the highest coverage (peaks) are determined, and the 50 enriched de novo or known motifs at the peaks are identified. These steps are followed 51 by downstream analyses, which typically involve peak annotation, comparison of 52 3/33 different ChIP-seq experiments, and visualization, for example generating profiles, 53 heat-maps and Venn-diagrams) (7) . The most critical step in such a pipeline is the peak 54 calling. Different peak calling algorithms provides different results and the number of 55 the determined peaks also depends on the number of the sequenced reads (8). 56
Today, raw data from more than 85000 human and mouse ChIP-seq experiments are 57 available (9), which gives the opportunity to perform further analyses and/or to set up 58 secondary databases using those data. Previously, such databases have been built based 59 on different parameters of ChIP-seq analyses. Some databases (CODEX, BloodChIP, 60 hmChIP) put more focus on the experimental metadata collection and the classification 61 of the experiments by the cell type (10-12). In addition, CODEX provides a 62 visualization tool for examining peaks (10). Other databases, for example Cistrome 63 Data Browser, GTDR, ChIP-Atlas, Factorbook, carry out different downstream 64 analyses to show further details (13) (14) (15) (16) . Most of these databases are not only a simple 65 collection of ChIP-seq data and a display of ChIP-seq peaks. Factorbook, for example, 66 has an interactive tool to examine the nucleosome and histone modification profiles 67 around the ENCODE TF ChIP-seq peaks (16, 17) . The gene transcription regulation 68 database (GTRD) project, among other things, focuses on improving the peak calling 69 procedure (14). They use several peak calling algorithms and make clusters of 70 overlapping results. ChIP-Atlas provides a tool for extensive co-localization and 71 enrichment analyses (15). TFBSbank focuses on annotating genomic localizations, 72 finding co-binding proteins, and searching for de novo and known motifs within the 73 peaks (18). The Cistrome Data Browser combines ChIP-seq data with chromatin 74 accessibility data and provides a convenient web interface to browse and download 75 these data (13) ChIP-seq databases can provide tools to search, analyze, visualize, and download 87 existing ChIP-seq data. Our previous results, however, demonstrated that ChIP-seq 88 peak summits can also help to understand the topological arrangements, the spatial 89 position(s) of different proteins bound to the DNA double helix. Therefore, our aim 90 was to extend our CCCTC-binding factor (CTCF) peak summit-based analysis to every 91 available ChIP-seq transcription factor, which was examined in human ChIP-seq 92 experiments (23). For the study, we have manually selected 3727 ChIP-seq 93 experiments, which representing a very large number of human TFs and co-factors (9). 94
Since determining the correct positions of peak summits is critical for the analysis, we 95 have developed a robust peak filtering pipeline, by which the positions of peak summits 96 and the mapped TFBS motifs could be compared. Therefore, based on the ChIP-seq 97 peak regions for each TF, we defined the corresponding consensus motif binding site 98 sets for each of them. In addition to the consensus motif binding site sets, the 99 ChIPSummitDB contains the distances between each pair of mapped consensus motifs 100 and ChIP-seq peak summit. 101
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The web interface of the ChIPSummitDB can display data in different views. Using the 102 GenomeView module, users can browse the genome for ChIP-seq peaks and consensus 103 motif binding site sets. The MotifView option can display the average distances 104 between the centers of consensus motif binding sites and the ChIP-seq peak summit 105 positions for each ChIP-seq experiment with overlapping peaks. Three different ChIP-106 seq experiments can be compared in the PairShiftView module. Using the dbSNPView 107 option, users can evaluate whether a dbSNP entry overlaps with one or more consensus 108 motif binding sites from our database (24). 109
In addition to browsing all processed data, the analysis of the scatterplots provided in 110 the MotifView led us to hypothesize that the extent of the standard deviation of the 111 motif center vs peak summit distances may be proportional to the closeness of the given 112 protein to the DNA double helix. 113
MATERIAL AND METHODS 114
To construct the ChIPSummitDB, primary raw read data of ChIP-seq experiments and 115 the accompanying metadata were obtained from the NCBI SRA database (9). 116
Processing of the downloaded data into their final appearance in ChIPSummitDB is 117 summarized in Fig. 1 . To determine peak regions, peak summits, consensus motif 118 positions, and the distances between peak summits and motif centers, we carried out 119 eight different processing steps (Additional file 1: Figure S1 We searched for human ChIP-seq experiments in the NCBI SRA database according to 126 its status as per November 1, 2017. We used the NCBI's run selector feature to 127 download all available metadata associated with the selected experiments (9). A custom 128 PERL script was used to process the downloaded data in XML table format and to give 129 a unique (descriptive) name to every experiment. The names include the species, the 130 tissue, the cell line (if available), the pathology (eg. normal or cancer), the ChIP target 131 protein, and the experiment's SRA database ID. Our aim was to restrict the analysis to 132 transcription factors and to other non-histone proteins, thus experiments with other type 133 of proteins were filtered out by using a script. For simplicity and to avoid redundancy, 134 we processed only the normal (without any specific treatment, which influence the TF-135 DNA interaction) ChIP-seq experiments. The final list contained 4052 experiments and 136 was converted into a table with the proper format (BED, BEDGRAPH) for further 137 processing (Additional file 1: Figure S1 ). 138
Basic ChIP-seq analysis 139
For the basic processing, we used a modified version of our ChIP-seq_anal BASH script 140 (Additional file 1: Figure S1) (7). Briefly, the script needs two input files. The first is 141 the above-mentioned table with the experiments, while the second contained the SRR 142 IDs for each SRX ID. After downloading the SRR files and converting them into fastq 143 format, we mapped the reads to the hg19 (GRCh37) human reference genome using the 144 Burrows-Wheeler Aligner (BWA) program (25,26). Peak calling, generation of the 145 bedgraph coverage files, and de novo identification of protein-binding DNA motifs 146 were performed by using the HOMER package. The output of the analysis contained 147 the BAM files with the read sequences, the HOMER tag directories, the peaks in BED 148 file format, the BEDGRAPH files, and both the de novo identified and previously 149 known motifs, in a single html report (27). 150 7/33
Peak splitting and summit prediction 151
The basic analysis provided the peak regions for each ChIP-seq experiment in two 152 forms, a BED file containing the borders of the HOMER predicted peak regions and a 153 BEDGRAPH file with the coverage values of the extended reads within these peak 154 regions (27). It is possible to have more than one binding site within a peak region, 155 which can result in more than one summit. We employed the PeakSplitter program to 156 determine such summit positions using the BEDGRAPH files as input (28). The result 157 of this step is a BED file for each experiment containing the positions of the identified 158 summit(s) for each peak (Additional file 1: Figure S2 ). 159
Peak filtering 160
The usefulness of the ChIPSummitDB largely relies on the correct determination of 161 peak regions. Different peak -finding algorithms can give surprisingly diverse peak sets 162 using the same ChIP-seq experiments. A number of parameters in the experiment, such 163 as the number of the cells in the biological sample, the conditions of the sonication, the 164 quality of the antibody, the library preparation, and especially the depth of the 165 sequencing affect the number of detected peaks. There are different approaches to 166 determine the biologically most relevant peak regions. One approach was to apply 167 different peak calling programs and find the consensus peak sets from the results. 168 Furthermore, we also developed a different approach, in which we used only the 169 HOMER peak calling program, but applied a rigorous filtering, which was based on the 170 shape of the peaks, to reduce the number of false positives/artifact peaks in the peak 171 sets obtained in the previous step for downstream summit based topology analysis 172 (Additional file 1: Figure S3 ). Using this approach, we filtered out about 35 percent of 173 all peaks (27) (Additional file 3). 8/33
Assigning consensus motifs to TF ChIP-seq experiments 175
We assume that if the antibody used during the immunoprecipitation is against a TF, 176 then the cognate binding site for that TF will be enriched in the peak set of the given 177
ChIP-seq experiment. During the basic analysis, we determined the enriched motifs for 178 each peak set. The problem was that even if the immunoprecipitated TF was the same, 179 the resulting de novo motif could be slightly different. Also, the de novo motif finding 180 algorithms usually give more than one enriched motif and it is unclear whether the best 181 one is the cognate binding site. To precisely determine the peak summit motif center 182 distances, however, we need to use the same binding site for every experiment with the 183 same TFBS. Therefore, we chose a reverse approach. Based on the antibody used 184 during the immunoprecipitation, we assigned a JASPAR core consensus motif to each 185 experiment by hand. This resulted in a table where there is a corresponding JASPAR 186 consensus motif for each TF experiment (Additional file 1: Figure S4 , Additional file 187 2) (29). 188
Motif optimization 189
Many of the consensus motifs in the JASPAR database are based on de novo motif 190 finding in ChIP-seq peak regions (29). Since we now have a good collection of 191 representative ChIP-seq experiments for the targeted transcription factors, we decided 192 to further optimize the consensus motif matrices. For this, we first merged the peaks of 193 the experiments belonging to the same consensus motif, and then we used the HOMER 194 package to optimize the matrices on these merge peak regions (Additional file 1: Figure  195 S5) (27). The resulting optimized matrices were further inspected and adjusted 196 manually. The motif optimization resulted in more than one similar motif in a few cases. 197
The decision between them couldn't be automatized. In these cases, the most analogous 198 motif was chosen. 199 9/33
Remapping motifs 200
Once we had all the optimized consensus motif matrices, we needed to map them back 201 to the genome. For each optimized JASPAR consensus motif matrix, we had a list of 202 corresponding ChIP-seq experiments (Additional file 1: Figure S4 ) (29). We took the 203 peak regions for those experiments and merged them to create the merged peak regions 204 for each matrix. This is an important and, so far, a unique step among the similar ChIP-205 seq databases. Using this method, we specifically determined the possible transcription 206 factor binding sites. For mapping, we used three different programs and we kept only 207 the positions where at least two of them gave a hit for the final consensus motif binding 208 site sets (Additional file 1: Figure S6 ) (27,30,31). 209
Motif center and summit distance calculation 210
After the peak filtering in step 4, we got the list of peak summits for each ChIP-seq 211 experiment. In step 7, we got the ChIP-seq verified positions of TFBSs for each 212 consensus motif. The majority of the peak regions do not contain the cognate binding 213 site, even for TF ChIP-seq experiments. We hypothesize that in these cases the given 214 TF can be part of a complex, which is bound to the DNA through another TF, which in 215 turn is bound to its cognate binding site, which is also present in our consensus binding 216 site set. Therefore, we investigated such cases as well. To do this, we calculated every 217 distance between consensus motif centers and the nearby ChIP-seq peak summit 218 positions. The calculation is motif based, which means that the output is a list for each 219 consensus motif set (i.e. a given transcription factor binding site), which contains the 220 distances of every peak summit inside the 50 bp range of the given consensus motif 221 binding site (Additional file 1: Figure S7 ) (32) . Practically, if we see a consensus motif 222 (e.g. CTCF), we will have the ChIP-seq verified instances of that motif in the genome 223 (88906) and a list of distances for each of the 3727 ChIP-seq experiments. These lists 224 10/33 were processed further in the database. The number of distances in these lists were used 225 as a cutoff value in the MotifView. The standard deviation of the distances in these lists 226 was also calculated and indicated in the Y-axis of the MotifView. 227
This processing of raw ChIP-seq read and metadata resulted in the following tables and 228 files: 229 1. The HOMER *homerpeaks.txt files for each experiment. These files contain the 230 peak regions and other parameters used in peak finding. 231 2. A peak region and a summit bed format file for each experiment. (element number). In most cases, the curve has one peak, but sometimes it also has a 289 shoulder. This indicates a more complex topological arrangement or a consequence of 290 other, still unknown, reasons. It is remarkable for example that in many cases the 291 distance between the main summit and the shoulder (or between two summits from 292 different experiments with the same antibody) is approximately 11 or 22 bp ( Besides seeing the topological arrangement of three chosen immunoprecipitated 311 proteins relative to the given motif center, the extent to which the peaks of the three 312
ChIP-seq experiments share the same binding sites is also interesting. The VennView 313 is designed to allow this. During the processing of the ChIP-seq experiments, we 314 determined not only the filtered peaks for each ChIP-seq experiment but also the 315 consensus motif binding sets for each transcription factor. Thus, for each binding site 316 in the genome, the user can see which ChIP-seq experiment has an overlapping peak 317 (technically this means a peak summit position within 50 bp in either direction). In this 318 way, having the three chosen experiments and the consensus motif, we can count how 319 many sites have overlapping peak summits for each of the seven possible combinations. 320
In the VennView, the user can see these values in a Venn diagram. This can be useful 321 for comparing three experiments with not only the same antibody, but from different 322 tissues / developmental stages / treatments and also in examining the extent of 14/33 overlapping binding of a given transcription factor and its co-factors or co-bound 324
proteins. 325
In the recent release, the ChIPSummitDB contains data from the analysis of 3727 326 human ChIP-seq experiments. In the ExperimentView, the user can see an overview 327 of the main attributes for each experiment. Most importantly, there are links to the 328 NCBI SRA database (26). The number of sequencing reads and the number of filtered 329 peaks called by the HOMER findPeaks program is also listed (27). During the analysis 330 pipeline, we have determined the most enriched de novo and known motifs for each 331 experiment. The link for the results of this search is also located on this page. 332
The GenomeView allows users to see the database content (consensus binding sites, 333 peaks, etc.) in a genomic context through a web browser interface. This view is 334 implemented in the JBrowse framework (34). The GenomeView can be used as a 335 standalone web page where the users can select tracks to load and display. Users can 336 select from the 292 consensus motif sets, the 3727 experiments or from miscellaneous 337 tracks like genomic features or know SNPs. Therefore, users can compare any 338 combinations of experiments versus consensus motif binding sites. Users can also get 339 to this JBrowse interface from the MotifView, the PairShiftView, and the VennView 340 after selecting up to three experiments. In this case, the consensus motif set of the 341 chosen motif and the overlapping peaks and summits of the three chosen experiments 342 will be displayed initially. The user can display any other previously mentioned tracks. 343
Our database provides a comprehensive catalogue of experimentally verified 344 transcription factor binding sites in the human genome. As the cost of whole genome 345 sequencing is drastically decreasing, the number of variations associated with a certain 346 phenotype is rapidly increasing. Most of these variations are in intronic or intergenic 347 regions. Therefore, there is a great interest in determining the overlap of transcription 15/33 factor binding sites. The dbSNPView allows users to check these cases. Users can enter 349 either a genomic region or a dbSNP ID (24). In the first case, the webpage will then 350 display the given region with the variations on it and also the overlapping consensus 351 motif binding sites from our database. The overlapping SNPs are highlighted in red. 352
Either clicking on them or entering the dbSNP accession number directly into the search 353 field leads to the enlarged dbSNPView. Here the reference genome sequence together 354 with the logo of the consensus motif and the overlapping SNPs can be seen. This view 355 is useful for examining how severely the altered base can affect the transcription factor 356 binding. There is also a button to check which experiments give an overlapping peak 357 with the given variation. 358
The Novelty of the ChIPSummitDB 359
The ChIPSummitDB is the first ChIP-seq related database that analyzes and shows the 360 peak summit and consensus motif binding site center distances. The web interface of 361 the database provides several tools for displaying this kind of topological data. In the 362 MotifView, every experiment (antibodies used for the immunoprecipitation) that is 363 above the threshold number of overlapping peaks for a chosen consensus motif is 364 shown. Either direct binding (in the cases where the immunoprecipitated protein 365 recognizes and binds to the given binding site) or indirect binding is indicated. We 366 hypothesize that the standard deviation of the distances of the peak summit and binding 367 site centers shows the directness of the binding. For example, based on the standard 368 deviations, there are at least three groups of interacting proteins at the YY1 consensus 369 the CTCF and the cohesin proteins and some other TF and co-factor have standard 374 deviation values between 23 and 27 (6). Interestingly, there are many other ChIP-seq 375 experiments, which have a standard deviation above 27 but still have more than 1000 376 peaks (the threshold value set here), which are overlapping with the YY1 consensus 377 motif binding sites throughout the genome. If we further analyze the scatterplot, we 378 may notice that the YY1 experiments are grouped around 2 at the X-axis, while the 379 CTCF experiments are grouped around -2, as most of the other TFs and cofactors from 380 the third group. Based on these observations, we can hypothesize that the YY1 binds to 381 its cognate binding site. The CTCF-cohesin complex binds to the already bound YY1 382 protein in the same horizontal arrangement as can be seen at the CTCF binding sites 383 Theoretically, we expect that the peak summit will be in the middle of the transcription 403 factor binding site. We have already shown, in the case of the CTCF-cohesin complex, 404 that this is not necessarily true (38). The ChIPSummitDB provides even more extreme 405 cases. For example, in the case of the NFYB motif observed in the MotifView (Fig. 4b,  406 modified from: 407 http://summit.med.unideb.hu/summitdb/motif_view.php?maxid=10000&minid=1&m 408 nelem=2000&mxelem=120000&motive=NFYB), the average distance values that the 409 NFYB binds are upstream, while the USF1 binds downstream of the motif. If we further 410 scrutinize the topology on the PairShiftView, which shows the real distribution of the 411 distances, we can see even more extremities (Fig. 4b, modified from: 412 http://summit.med.unideb.hu/summitdb/paired_shift_view.php?exp1=2301&exp2=76 413 1&exp3=1597&motive=NFYB&motifid=175&limit=40&low_limit=-414 40&mnelem=2000). In the case of NFYB, most of the distances between the 415 overlapping consensus motifs and peak summits are around the +15 -+17 positions. In 416 the case of USF1, however, the majority of the distance values are clustered around the 417 -18 position. It is also remarkable that in the distribution curves, there are also other 418 smaller shoulders. 419
Conclusions 420
ChIPSummitDB is the first ChIP-seq database based on a transcription factor binding 421 site centered analysis of peak summits. The database convincingly confirms our 422 previous hypothesis that if the different proteins are sitting on the DNA not exactly 423 18/33 above each other, then the average peak summit position will display a shifted value 424 relative to the motif center. There can be numerous reasons for this phenomenon. One 425 obvious example is when two different transcription factor binds nearby on a composite 426 element (37) . Surprisingly, there are cases, when a transcription factor is bound to its 427 cognate site in the DNA and somehow a different protein without a DNA binding 428 domain that is bound to that TF gets so close to the DNA double helix that it will 429 crosslink to it during the experiment. This will result in a shifted peak summit versus 430 motif center value in our analysis (as can be seen in MotifView and PairShiftView in 431 our database). We showed this shift for cohesion proteins (23), but this shift can also 432 be recognized in other cases. 433
The detailed analysis of the ChIP-seq summit and motif center positions led us to a new 434 hypothesis: Taking a consensus binding site set (ChIP-seq verified binding sites for a 435 given transcription factor), the closer a given protein is to the DNA, the lower the 436 standard deviation of the distances between overlapping peak summits versus motif 437 center pairs. In other words, if a protein is very close to the DNA double helix, which 438 means in most cases that the protein is bound to the DNA, the resulting ChIP-seq peak 439 summits will more likely be centered in the middle of the DNA region covered by the 440 protein. This recognition can help us better understand how the protein complexes are 441 built on the DNA starting from binding of a transcription factor to its cognate binding 442
site. 443
Besides these completely new features, the ChIPSummitDB provides a comprehensive, 444 experimental based collection of transcription factor binding sites. The site can be 445 browsed in the GenomeView and we have also developed a dbSNP view that allows 446 users to check whether a given SNP is overlapping a TFBS (24,34). This feature can be 447 useful in determining the consequences of non-coding mutations. Figure S1 : Schematic representation of the initial data processing. Processing starts 690 with data collection and proper naming. After processing and filtering steps, we get the 691 transcription factor binding sites in bed and bedgraph formats. 692 Figure S2 : Summit prediction. Identification of local maxima within peak regions. 693 Figure S3 : Peak filtering according to shape. (A) Peak with well-defined summit. We 694 filtered peaks depending on the symmetry of their two side (summit positions serves as 695 a symmetry axis) (B), the positions of the 2nd and 3rd quartiles (C), and the symmetry 696 between the read coverage of the two strands (D). 697 Figure 6A ). To filter the identified motifs, we used the presented formula in Figure  710 6B. In the case of overlapping motifs, the motif with the highest Weighted Motif score 711 was selected. 712 Figure S7 : Measuring the distances between motif centers and the surrounding 713 summits. We calculated the concrete distance between motifs and the neighboring 714 summits (measured in base pairs). We took into account all of the possible summits 715 from every experiment. 716
Additional file 2. Summary table of the transcription factor motif, which has identified 717 instances in ChIPSummitDB. The table describes the following basic information for 718 the motifs: 719
